Ethylenediaminetetraacetic acid (EDTA) forms stable complexes with toxic metals such as nickel due to its strong chelation. The electro-Fenton (EF) process using a cathode made from palladium (Pd), reduced graphene oxide (RGO) and carbon felt, fed with air, exhibited high activities and stability for the removal of 10 mg L À1 EDTA-Ni solution. Pd/RGO catalyst was prepared by one-pot synthesis; the scanning electron microscopy and X-ray diffraction analysis indicated nanoparticles and RGO were well distributed on carbon felt, forming three dimensional architecture with both large macropores and a mesoporous structure. The cyclic voltammetric results showed that the presence of RGO in Pd/ RGO/carbon felt significantly increased the current response of two-electron reduction of O 2 (0.45 V).
INTRODUCTION
Ethylenediaminetetraacetic acid (EDTA) is widely used in many industries due to its chelating power (Laine & Matilainen ) . Even though the EDTA is harmless, it becomes a potential danger to ecological and human health when chelating with heavy metals. In electroplating industries, there exists a large amount of various heavy metals and EDTA. Due to their strong chelation, metal-EDTA complexes cannot be removed efficiently with conventional processes such as hydroxide, sulfide precipitation (Sýkora et al. ) , adsorption and biosorbents (Akhtar et al. ) .
Advanced oxidation processes have attracted great attention for generating highly reactive radicals that can oxidize various recalcitrant organics (Huang et al. ) . Hydrogen peroxide (H 2 O 2 ) is an environmentally friendly Fenton reagent, and when combined with Fe 2þ ions it could exhibit more powerful capacity for the removal of recalcitrant pollutants due to the formation of nonselective hydroxyl radical (•OH) (Equation (1)) (Fu et al. ) :
Compared with the classic Fenton reaction, the electro-Fenton (EF) process could produce continuous on-site H 2 O 2 on the cathode (Equation (2)), which eliminates the need for shipment and storage of H 2 O 2 , and generates more highly reactive •OH with the added Fe 2þ . This process leaves no secondary pollution and can be easily controlled (Brillas et al. ) :
Obviously, the efficiency of H 2 O 2 generation has a great influence on the EF processes. Many efforts have been made to enhance the efficiencies of H 2 O 2 generation through improvement of the cathode material. The generation of H 2 O 2 improved markedly with gas diffusion electrode processes in EF processes, 566 mg L À1 H 2 O 2 could be generated in 0.05 mol L -1 Na 2 SO 4 at a current density of 7.1 mA cm À2 and air flow rate of 0.5 L min À1 after 180 min (Yu et al. ) . The electrochemical process of the generation of •OH by the three-dimensional electrode method was investigated. About 95% of EDTA-Ni reduction can be achieved when activated carbon electrode was used as particle electrode at 200 mA, pH 6.0, and conductivity 2.0 mS cm À1 for 60 min (You et al. ) .
Due to lower binding energy with H and high capacity for adsorption and storage of H than other metals, Pd has been proposed as a promising catalyst for the direct synthesis of H 2 O 2 (Equation (3) 
By a modified divided electrolytic system, H 2 O 2 was generated in situ from electro-generated H 2 and O 2 in the presence of Pd/C catalyst (Yuan et al. ) ; these authors found that at pH 2 and 100 mA, 26.5 mg L -1 h -1 cm -2 H 2 O 2 could be generated in situ from H 2 and O 2 , which were produced through water electrolysis. A three-electrode column with Pd/Al 2 O 3 catalyst was also reported to oxidize trichloroethylene in groundwater because of its generation of reactive oxidizing species, i.e. O 2 , H 2 O 2 and •OH (Yuan et al. ) .
Graphene has been widely used as catalyst support due to its large specific surface area and superior electrical conductivity (Seger & Kamat ; Kundu et al. ) . Research indicated that Pd tended to grow into three-dimensional structures on graphene surfaces. Compared with commercial Pd/C catalyst, Pd could interact with graphene and showed high electrocatalytic ability in formic acid and ethanol oxidation (Khomyakov et al. ) . Depositing of Pd and reduced graphene oxide (RGO) on foam-Ni via electrodeposition process produced a composite electrode with a large active surface area for use in electrocatalytic hydrodechlorination treatment, removing 100% 4-CP after 60 min (Liu et al. ) . Pd/polyvinyl pyrrolidone-graphene was synthesized by a one-pot reduction, and exhibited superior electro-catalytic activity and stability toward electrooxidation of alcohols (Zhang et al. ) . Therefore, it is vital to find a simple and straightforward method for the facile preparation of metal nanocatalysts with high catalytic activity (Chen et al. ) .
Due to the excellent characteristics of graphene, in this study it was used as an efficient support for Pd nanoparticles to form a highly efficient three-dimensional Pd/RGO catalyst. X-ray diffraction (XRD), scanning electron microscopy (SEM), and cyclic voltammetry (CV) were employed to systematically analyze the characteristic of Pd/RGO catalyst. The electrocatalytic activity of the Pd/ RGO nanocomposites was evaluated by the removal efficiency of 10 mg L À1 EDTA-Ni solution. The effect of current, pH, and the dosage of Fe 2þ on the removal efficiency of EDTA-Ni was further studied. In addition, the mechanism is discussed.
EXPERIMENTAL Chemicals
Nickelous sulfate (NiSO 4 ·6H 2 O), EDTA disodium salt and graphite flakes were purchased from Aladdin (Shanghai, China). The 10 mg L À1 target contaminant EDTA-Ni solution was prepared by mixing equal molar amounts of NiSO 4 ·6H 2 O and Na 2 EDTA. Palladium acetate and Nafion solution were purchased from Sigma-Aldrich (Shanghai, China). Sulfuric acid (H 2 SO 4 , 98%), potassium permanganate (KMnO 4 , 99.9%) and hydrochloric acid (HCl, 37%) were purchased from Merck (Shanghai, China). The desired pH was adjusted by 0.1 mol L -1 HCl and 0.1 mol L -1 NaOH solution. All other chemicals used in this study were of analytical grade. Deionized water was obtained from a Millipore-Q system and was used in all experiments.
Preparation of Pd/RGO catalyst
The graphene oxide (GO) was prepared according to a modified Hummer's method (Shen et al. ; Ming ) . Pd/RGO was prepared as follow: 0.105 g of palladium acetate was dissolved in 3 mL HCl solution (1 mol L -1 ) at 60 W C, and then it was adjusted to neutral pH by addition of NaOH (1 mol L -1 ). After mixing with 0.1 g GO and stirring for 30 min, 20 mL of sodium formate solution (3 mol L -1 ) was added and maintained at 70 W C for 4 h. Finally, the particles were washed with deionized water and dried at 40 W C under vacuum. The Pd/RGO catalyst was successfully prepared.
Preparation of Pd/RGO/carbon felt modified electrode
The carbon felt (5 × 7 cm) was first pretreated with 0.5 mol L -1 H 2 SO 4 in a water bath at 70 W C for 4 h to activate the surface. Then it was polished in pure water and degreased in acetone for 2 h. After being thoroughly washed with deionized water and dried, the carbon felt was prepared for the Pd/RGO catalyst deposition. Pd/RGO (0.04 mg) was immersed in 1.6 mL Nafion ethanol solution (0.5 wt%) with the aid of ultrasonic agitation for 20 min. Next, the mixed solution was painted on the polished carbon felt and dried in air under an indoor temperature for 12 h. Thus, Pd/RGO/carbon felt modified electrode was made successfully. For comparison, RGO/ carbon felt was prepared using the same process.
Removing of EDTA-Ni by the electro-Fenton process
The EF process was carried out by a beaker experiment with 450 mL electrolyte. Figure 1 is the schematic diagram for the EF process. Graphite tube (dia. 35 cm, height 100 mm) was used as anode; the tube-like Pd/RGO/carbon felt (5 × 7 cm) was used as cathode. The current was supplied by DC power (DF17315D3A, 0-30 V, 0-3 A), the aqueous pH was adjusted by the addition of 0.1 mol L -1 H 2 SO 4 and 0.1 mol L -1 NaOH, and the conductivity was adjusted to 2,000 μS cm À1 by Na 2 SO 4. EF processes were carried out at: (i) different applied current (0.1-0.3 A); (ii) different pH (3-7); (iii) different dosage of Fe 2þ (1-5 mmol L -1 ); An air pump (SongbaoSB-988)/N 2 was used for pumping air into the solution of electrolytic cell near the cathode to promote the generation of H 2 O 2 under the catalyst of Pd/RGO. At regular time intervals, 5 mL of the solution was withdrawn for analysis. Before being tested by atomic absorption spectroscopy, the solution was adjusted to pH 11 and the solution and precipitate were separated by centrifugation at 1,500 rpm for 10 min. The supernatant was further digested for residual EDTA-Ni measurement. All the experiments were conducted in triplicate and average values are shown.
Apparatus
The surface morphology of Pd/RGO/carbon felt was characterized with SEM (Zeiss, Germany). The crystalline structure was analyzed by XRD (PANalytical B.V., The Netherlands) with Cu Kɑ radiation source filtered with a graphic monochromator (λ ¼ 1.5405 Å). The CV analysis was measured by an advanced electrochemical system (PARSTAT 2273 Princeton Applied Research). The concentration of EDTA-Ni was determined by atomic absorption spectroscopy (PinAAcle 900T, Perkin Elmer, USA) using standard methods.
RESULTS AND DISCUSSION

Surface characteristic of Pd/RGO/carbon felt electrode
The surface morphologies of Pd/RGO/carbon felt and Pd/ carbon felt electrodes were observed by environmental scanning electron microscopy with energy dispersive X-ray spectrometry (EDX) (Figure 2 ). Small Pd particles were well distributed on both the Pd/RGO/carbon felt and Pd/ carbon felt surface, which can be seen in the corresponding EDX results (Figure 2(b) and 2(d) ). Compared with the Pd/carbon felt surface (Figure 2(c) ), Pd/RGO/carbon felt (Figure 2(a) ) showed three-dimensional morphological structures with various macropore and mesoporous structures, indicating the large active surface area formed after the introduction of RGO into Pd/carbon felt. The carbon came mainly from the carbon felt; the oxygen in Figure 2 (b) was perhaps from the residual oxygen-containing functional groups of RGO. All these proved the successful depositing of Pd and RGO on the carbon felt. Figure 3 shows the XRD patterns of Pd/RGO catalyst. XRD patterns shows three diffraction peaks at 2θ values of 39.8, 46.2, and 67.8 W , which correspond to the (111), (200) and (220) confirming that Pd particles are successfully synthesized. This result is consistent with the above SEM observation.
It can also be seen that except for the peaks of Pd, there were no other diffraction peaks of GO; the (002) peak of layered graphene almost disappeared, which indicates that GO is effectively reduced into graphene, and the selfrestacking of the as-reduced graphene nanosheets was well prevented (Sheng et al. ) .
CV analysis
The electrochemical behaviors of Pd/RGO/carbon felt electrode, Pd/carbon felt electrode and carbon felt electrode were investigated by CV in the solution of 2.0 mol L -1 KOH at a scan rate of 50 mV s -1 (Figure 4) . The carbon felt electrode did not show any redox peaks (curve a), indicating that the carbon felt electrode is stable and has no EF activity in the potential range from -0.4 to 1.4 V. There are two obvious peaks at around -0.05 and 0.45 V in the Pd/carbon felt electrode in curve b, which are related to 
Effect of current
The effect of current on the removal of EDTA-Ni solution was investigated with 10 mg L À1 EDTA-Ni, the initial conditions of pH was 3, the dosage of Fe 2þ was 2 mmol L -1 and the conductivity was 2,000 μS cm À1 . The power sources were allowed to vary so that the experiment was performed at a constant current. From Figure 5 we can see that an increase in the destruction of EDTA-Ni was observed with the increasing of time and current. After 100 min, the best removal efficiency of EDTA-Ni reached 83.6% at the current of 300 mA. It is also observed that there was no obvious difference for removal efficiency of EDTA-Ni when the current further increased from 200 mA to 250 and 300 mA. This is due to the low solubility of O 2 (1.25 mmol L -1 ) and H 2 (0.81 mmol L -1 ) in the water at room temperature (Samanta ) ; although the high current could produce high amounts of H 2, the low dissolution of the electro-generated H 2 became the limitation step for the synthesis of H 2 O 2 on the cathode. On the other hand, the high current values could also promote the reduction of H 2 O 2 and could accelerate the four-electron oxygen reduction.
Effect of pH
The effect of pH on the removal of EDTA-Ni solution was investigated with 10 mg L À1 EDTA-Ni, the initial condition of current was 200 mA, the dosage of Fe 2þ was 2 mmol L -1 and the conductivity was 2,000 μS cm À1 . From Figure 6 , the removal efficiency of EDTA-Ni was higher at pH of 4, because the low pH favored the generation of •OH from H 2 O 2 (Equation (2)). The high pH would trigger the formation of insoluble hydroxides in the electrolyte and precipitated nickel at the cathode surfaces (Cui & Lee ; Zheng et al. ) . However, the best removal efficiency of EDTA-Ni (83.2%) was observed at an initial pH of 4. Low pH would also improve the electrochemical production of H 2 O and decompose H 2 O 2 at the cathode (Equations (3) and (4)):
Lower pH has a great influence on the H 2 , which would play an important role in productivity of H 2 /O 2 (Campos-Martin et al. ; Samanta ).
Effect of Fe 2þ
The effect of Fe 2þ on the removal of EDTA-Ni solution was investigated with 10 mg L À1 EDTA-Ni, the initial condition of current was 200 mA, the pH was 4 and the conductivity was 2,000 μS cm À1 . From Equation (2) we can see that the Fe 2þ catalyst was necessary for the formation of •OH, so different initial dosages of Fe 2þ ranging from 0 to 5 mmol L -1 were investigated. From Figure 7 we can see that the removal efficiency of EDTA-Ni was greatly improved with the addition of 1 mmol L -1 Fe 2þ , then decreased gradually with further addition of Fe 2þ concentration. The best removal efficiency was 84.1% when the initial dosage of Fe 2þ was 1 mmol L -1 after 100 min treatment. This can be explained by the fact that the higher concentration of iron ion would consume the •OH (Equation (3)), which leads to the decline of removal efficiencies.
Stability test
The long-term performance of the EF process for the removing of EDTA-Ni was investigated. The initial condition of current was 200 mA, the pH was 4, the dosage of Fe 2þ was 2 mmol L -1 and the conductivity was 2,000 μS cm À1 . Figure 8 shows five-cycle experiments for the removing of 10 mg L À1 EDTA-Ni under optimum conditions; no significant differences were found in five consecutive experiments with a reaction time of 100 min. The loss of some Pd nanoparticles and the Ni þ reduction on the Pd/ RGO/carbon felt electrode might lead to a small decline in the removal efficiency. The stability experiments indicate the synthesized Pd/RGO/carbon felt catalyst could be used for long term operation.
Mechanism analysis
To investigate the mechanism of EF performance, the reduction of 10 mg L À1 EDTA-Ni with carbon felt with Fe 2þ , Pd/carbon felt with Fe 2þ , Pd/RGO/carbon felt without Fe 2þ , Pd/RGO/carbon felt with Fe 2þ , and only Fe 2þ are displayed in Figure 9 . The initial condition of current was 200 mA, the pH was 4 and the conductivity was 2,000 μS cm À1 . It can be seen that the removal efficiency of EDTA-Ni was only 3.5% when only 1 mmol L -1 Fe 2þ was added to the solution, indicating that the addition of simple Fe 2þ almost had no removal effect. The EDTA-Ni removal efficiency of EF performances of carbon felt was 61.0% after 100 min treatment, then further increased to 73.4 and 83.8% with the introduction of Pd and Pd/RGO into carbon felt, respectively. This great superiority is attributed to the enhancement of generating H 2 O 2, inducing high amounts of •OH generation. It also confirmed that Pd, RGO and Fe 2þ separately contributed to the catalyst activity to some extent in the EF process. Interestingly, EDTA-Ni removal efficiency was still 61.5% in 100 min without addition of Fe 2þ in the EF process (Pd/RGO/carbon felt electrode without Fe 2þ ); this result further verifies that direct H 2 O 2 oxidation accounts for a large amount of EDTA-Ni removal efficiency.
To further confirm the function of •OH formation in EC process, tert-butyl alcohol (TBA) was used as a masking agent for the detection of •OH. TBA (0 and 100 mg L À1 ) was added into the EF process under the same condition respectively. The initial condition of current was 200 mA, the pH was 4, the dosage of Fe 2þ was 2 mmol L -1 and the conductivity was 2,000 μS cm À1 From Figure 10 we can see that the removal of EDTA-Ni decreased from 83.8 to 71.5% with 20 mg L À1 TBA addition. There is no obvious difference of removal efficiency of EDTA-Ni with further increasing of TBA to 100 mg L À1 . It is worth noticing that in the EF process the removal efficiency of EDTA-Ni with 20 mg L À1 TBA was comparable with that of the Pd/RGO/ carbon felt electrode without Fe 2þ , which further proved that electrocatalytic activity was connected with both the direct oxidation of H 2 O 2 and inducing •OH.
CONCLUSIONS
In this study, a Pd/RGO/carbon felt modified cathode was synthesized successfully via a facile one-pot synthesis process, which showed best electrocatalytic activity and reduction efficiency of EDTA-Ni, compared with the other cathodes tested. Our experiment proved the EF process with Pd/RGO catalyst could be a new promising strategy for the effective removal of EDTA-Ni.
